We present new high-speed, multisite photometric observations of the rapidly oscillating Ap star HD 119027 acquired over seven nights during 1996. A frequency analysis of these observations reveals the presence of oscillations at 1835, 1875, 1888, 1913, 1940, 1942 and (possibly) 1953 Hz. These frequencies are consistent with a spacing of either 13 or 26 Hz, depending on the reality of the oscillations at 1875 and 1953 Hz. The data in hand do not permit us to discriminate between the two possible spacings. If the smaller value of the spacing is correct, it suggests that HD 119027 is outside the main-sequence band. Two of the frequencies listed above are separated by only 1.95 Hz, suggesting that they are modes of (n; ᐉ) and (n ¹ 1; ᐉ þ 2), which in roAp stars is a quantity governed by the internal magnetic field.
I N T R O D U C T I O N
The rapidly oscillating Ap (roAp) stars are cool, magnetic, chemically peculiar A-type stars which exhibit photometric variations with periods in the range 6-16 min and Johnson B amplitudes Յ0:008 mag. These oscillations are caused by global non-radial acoustic pulsations, or 'p modes', of low degree (ᐉ Յ 3) and high overtone (n q ᐉ), similar to those seen in whole-disc observations of the solar 5-min oscillations. The roAp stars are thus of considerable importance to stellar astronomy because they allow the techniques of asteroseismology to be applied to the chemically peculiar stars of the upper main sequence.
The eigenspectrum for low-degree, high-overtone (n >> ᐉ) p modes is a comb of equally spaced frequencies (Tassoul 1990) . A variety of A-star models by Gabriel et al. (1985) , Shibahashi & Saio (1985) and Heller & Kawaler (1988) all predict p-mode spacings ranging from ϳ40 Hz for slightly evolved A stars to ϳ80 Hz for A stars near the zero-age main sequence. Indeed, the observed frequency spacings in roAp stars fall within this range. The most recent general observational review is by Martinez & Kurtz (1995) . Martinez (1996) provides an overview of the phenomenology of roAp star p-mode spectra. Shibahashi (1991) provides a review with emphasis on theoretical aspects. For more recent theoretical developments readers are referred to the paper by Takata & Shibahashi (1995) .
One of the more interesting roAp stars is HD 119027. This V ¼ 10:027 star is classified as Ap SrEu(Cr) by Houk (1982) . There is no information about its magnetic field, and a search for rotational photometric variability yielded null results (Martinez et al. 1998 ). The roAp nature of this star was discovered during the Cape roAp Star Survey (Martinez, Kurtz & Kauffman 1991; Martinez & Kurtz 1994a,b ). An exploratory single-site study by Martinez et al. (1993, hereafter Paper I) revealed the presence of five frequencies in the vicinity of 1900 Hz (P ϳ 9 min). Because of the large daytime gaps in those single-site data, it was not possible to identify these frequencies unambiguously; two frequencies were subject to 1 cycle d ¹1 alias ambiguities. The set of frequencies determined in Paper I fell in a comb-like pattern with roughly equal spacing of 26 Hz, but this depended on the 'right' identification of frequencies.
The findings of that exploratory study probably represent the limit of what can be accomplished in a single-site campaign. In Paper I several 'secondary' frequencies were identified very close (< 2 Hz) to the five 'principal' frequencies. These secondary frequencies cannot all be explained as rotational sidelobes of the principal frequencies, and are possibly artefacts of the growth and decay of the five principal frequencies. The reality of these secondary frequencies can only be tested with additional observations. Thus, to confirm the results of Paper I and to increase our knowledge of this star, we decided to conduct a multisite study of HD 119027. The principal goal of this campaign was to identify as many p modes in HD 119027 as possible without alias ambiguities. A definitive p-mode spacing would allow a determination of the asteroseismological luminosity of HD 119027.
O B S E RVAT I O N S
Observations were acquired using the 1-m telescopes of Mount Mon. Not. R. Astron. Soc. 300, 188-192 (1998) ᭧ 1998 RAS * E-mail: peter@da.saao.ac.za John University Observatory (MJUO), the South African Astronomical Observatory (SAAO) and the Cerro Tololo Inter-American Observatory (CTIO). The MJUO observations were acquired using the Victoria University of Wellington Photometer. The SAAO observations were acquired using the Radcliffe Peoples Photometer, and the CTIO observations were acquired using the Automated Single-Channel Aperture Photometer. The dead-times for coincidence counting losses for these three photometers were 40, 67 and 40 ns, respectively. Photometric apertures of 25-40 arcsec were used, depending on the telescope's tracking performance and seeing. The data were obtained as a continuous series of 10-s integrations through Johnson B filters, with interruptions only for occasional sky measurements (and also for manual guiding corrections in the CTIO observations); no comparison stars were observed.
The data for all three sites were reduced ab initio by the same person to ensure uniform treatment. The reduction procedure began with the removal of any obviously bad portions of the light curves. The data were then corrected for coincidence counting losses, sky background and extinction, respectively. The time of each observation was converted to a Heliocentric Julian Date (HJD) with a precision of 10 ¹5 d (ϳ1 s). Data reduced in this way contain residual sky transparency variations which may be modelled adequately using a number of low-frequency sinusoids. Provided the sky transparency variations are gradual, the frequencies of these sinusoids are well resolved from the frequencies of interest. To identify the appropriate set of sinusoids we computed the Discrete Fourier Transform (DFT) of the data using the algorithm of Deeming (1975) as expressed by Kurtz (1985) . These lowfrequency sinusoids were identified, one at a time, and subtracted ('pre-whitened') from the data until the Fourier spectrum of the residuals was flat, with the exception of the signal peak at ϳ2000 Hz. On most good nights, pre-whitening frequencies < 690 Hz removed all the sky transparency variations. Some poorer nights required more aggressive pre-whitening up to n ¼ 1400 Hz, but even this was well resolved from the frequencies of interest in this paper. The pre-whitened data were finally binned to 40-s integrations to reduce the computing time required for the subsequent frequency analyses.
We then examined the amplitude spectra of individual reduced light curves. The purpose of this exercise was to identify light curves in which residual sky transparency variations were contaminating the frequencies of interest, and also to assess the overall noise characteristics of each light curve. Through this process we rejected two CTIO light curves and established a final set of 14 'usable' light curves for the frequency analysis ( Fig. 1) . Table 1 is a journal of these light curves. It lists the HJD of the first and last observation, the site/observer, the duration in hr, the number of 40-s integrations, the standard deviation, j, of the observations with respect to the mean for the night, and the frequency of the highest peak in the Fourier spectrum of the reduced light curve. The quantity j includes contributions from residual sky transparency variations, scintillation and photon statistics, as well as the actual variations in the star.
F R E Q U E N C Y A N A LY S I S
The first step in our analysis was to compute the discrete Fourier transform of the entire volume of data in the frequency range 0-12 500 Hz, the Nyquist limit for 40-s integrations. We did this to check that the entire signal content of our data lay in the vicinity of 2000 Hz, and to search for harmonics of the known oscillation frequencies. No harmonics or additional regions of spectral power were found. This allowed us to concentrate our analysis on frequencies around 2000 Hz.
᭧ 1998 RAS, MNRAS 300, 188-192 The relative amplitudes of the frequencies in HD 119027 vary from night to night, with the result that a given frequency may dominate the amplitude spectrum in some data subsets and be entirely undetectable in others. The short growth/decay times give rise to spurious peaks in the amplitude spectra of high-resolution data, as the DFT attempts to model the modulation of modes. When data from many nights are combined, the alias structure associated with these spurious peaks further complicates the spectrum. To disentangle the real modes from aliases and other spurious peaks, one makes use of continuous alias-free data with low frequency resolution. In this spirit, we performed many frequency analyses of the entire data set and numerous subsets of the data.
The analyses proceeded as follows. The DFT of the data was computed, and a candidate frequency (usually the highest peak in the amplitude spectrum) was identified. A sinusoid of this frequency was fitted to the data by linear least-squares to determine its amplitude and phase, with their respective fitting errors. The results of this linear least-squares fit were then used as the initial values for an iterative non-linear least-squares fit which simultaneously fits frequency, amplitude and phase, thus refining the frequency determination and establishing fitting errors for all three parameters. A sinusoid with these parameters was then subtracted (pre-whitened) from the data, and the DFT of the residuals was computed to identify the next candidate signal frequency. This process of identifying, fitting and pre-whitening successive frequencies was repeated until no significant frequencies could be identified in the DFT of the residuals. At each iteration the newly identified frequency was fitted together with all previously identified frequencies. That is, the contribution of all previously identified frequencies altered slightly with the addition of each new frequency.
With the above procedure in mind, we discuss the analysis of the JD 245 0155-161 multisite data in detail. This data set spans 6.39 d, with a duty cycle of 49 per cent. The top panel of Fig. 2 shows the DFT of the data in the frequency range 1800-2000 Hz, which contains the frequencies of interest as well as a segment of noise on either side. The bottom panel of Fig. 2 shows the spectral window of the data for the same span of frequencies. Fig. 2 suggests the presence of at least five frequencies in the data. Fig. 3 shows the amplitude spectra of the data after the systematic removal of 0,1,2,3, . . . frequencies, following the prescription outlined above. The most prominent peak in the top panel of Fig. 3 is at 1940 Hz. Removal of this frequency yields the next panel down, which is dominated by the peak at 1913 Hz. Continuing in this vein until no further frequencies can be identified above the noise yields the set 1940 , 1913 , 1888 , 1942 , 1835 and 1875 Rearranging our frequencies in ascending order yields 1835, 1875, 1888, 1913, 1940, 1942 Hz. Four of these frequencies, 1835, 1888, 1913 and 1940 Hz, fall into a pattern with equal spacing Ӎ26 Hz. This is in agreement with the spacing suggested in Paper I. The 'misfit' frequencies are 1875 and 1942 Hz. For now, we focus on the 1875-Hz peak, which is separated by only 13 Hz from its nearest neighbour at 1888 Hz. This is half the spacing noted for the other members in the pattern. The simplest explanation for this is that we have selected a +1 d ¹1 alias of the 'real' mode at 1863 Hz, which is in step with the 26-Hz spacing. Indeed, this is exactly what was done in Paper I (see fig 5c in that paper). However, we should not again dismiss a second indication of a mode at 1875 Hz in an independent multisite data set. To test this, we analysed the high duty-cycle (68 per cent) data set JD 245 0158-160. The principal alias in this data set is not 1 d Is it possible that the fundamental spacing in HD 119027 is really 13 Hz rather than 26 Hz? If so, then cross-talk among real frequencies and aliases would be severe in most data sets. This could explain why the 1875-Hz peak (which appears too strong to be an alias of 1888 Hz in the top panel of Fig. 3 ) is greatly diminished when the 1888-Hz peak is pre-whitened.
Analysis 'A'
We acknowledge that our speculative 13-Hz spacing depends on the peak at 1875 Hz being a real frequency in the star. Unfortunately, the application of standard statistical tests for significance of periodogram ordinates (e.g. Scargle 1982 ) is not particularly instructive (or reliable), given the complexity of this spectrum, the short mode lifetimes, and the possibility of frequency cross-talk. We feel that the presence of the 1875-Hz peak in some independent subsets of our data and in the earlier 1991 data is a more reliable indicator.
In order to test the idea of a possible 13-Hz spacing in HD 119027, we need to repeat the analysis of the old and new data with this spacing in mind.
Analysis 'B'
Inspection of the amplitude spectrum of the combined multisite data (see top panel of Fig. 2) suggests that there may indeed be another mode separated by 13 Hz from those identified in analysis 'A.' We note the presence of the peak at ϳ1954 Hz, which appears too strong to be an alias of the 1940-or 1942-Hz peaks. If this is a real mode in the star, why did it not emerge out of analysis 'A'?
The most prominent peak in the top panel of Fig. 2 is at 1940 Hz. This frequency is accompanied by another at 1942 Hz (Table 2) . Assuming a 13-Hz spacing, the next mode up in frequency from 1940 Hz is at 1953 Hz, and this poses a problem. The problem is that the +1 d ¹1 alias of the 1942-Hz oscillation falls at 1953.6 Hz and there is cross-talk between a real frequency and an alias. (The half-width at half-maximum of the central peak in the spectral window of these data is 1.07 Hz.) In analysis 'A', after prewhitening the 1940-Hz peak, the spectrum of the residuals is such that the 1942-Hz peak has higher amplitude than its +1 d ¹1 alias at 1954 Hz. Thus analysis 'A', in which frequencies are identified purely on the basis of peaks dominating the spectrum, selects the 1942-Hz peak and all the 'real' signal content at 1954 Hz is prewhitened out. If, instead, we commence the pre-whitening process by selecting the 1954-Hz peak, thereby establishing it as a known component of our frequency solution, the other frequencies to emerge are all the same as in analysis 'A.' The only difference is that we gain an additional frequency at 1954 Hz, and this is compensated by the fitted amplitude of the 1942-Hz oscillation being somewhat lower than in analysis 'A'. The remaining frequencies all emerge in a straightforward fashion. In this way the eight panels of Fig. 4 were produced.
Applying the 'Analysis B' solution to the 1991 JD 244 8402-8410 single-site data analysed in Paper I is not particularly instructive; the frequency cross-talk is so strong that fitting 1954 Hz to those data causes the 1942-Hz peak to vanish.
C O N C L U S I O N S
The frequencies identified in this analysis are 1835, 1875, 1888, 1913, 1940, 1942 and 1954 Hz. The results of our frequency analysis are summarized in the schematic amplitude spectrum shown in Fig 5. We emphasize that the relative amplitudes of the modes depend on the data set analysed. For short data strings the relative amplitudes derived for the frequencies are highly variable. This is due to incomplete sampling and beating among those frequencies, as well as longer term amplitude modulation of some of them.
The asymptotic mode spacing for a star undergoing high-overtone p-mode pulsation is given by (Tassoul 1990) , where ᐉ is the degree of the mode, n is the overtone, e is a constant dependent on the surface layers of the star, and dn n;ᐉ is a small (<< Dn) term sensitive to the central structure of the star. The two observable quantities in this relation are as follows.
(i) The 'large spacing', Dn, which is the frequency spacing of consecutive overtones. This is the inverse sound crossing time for the star. To first order, a star pulsating with a number of consecutive overtones of given ᐉ has a comb-like eigenspectrum with spacing Dn. If both even and odd ᐉ modes are present, the spacing is Dn=2.
(ii) The 'small spacing', dn n;ᐉ , which is a second-order term that lifts the degeneracy of the first-order (n þ ᐉ 2 þ e) term for modes (n; ᐉ) and (n ¹ 1; ᐉ þ 2). The importance of these mode pairs is that they have very similar structures outside the core, but the lower ᐉ modes penetrate deeper than the higher ᐉ modes. The dn n;ᐉ term is sensitive to these slight differences, which relate to the sound speed gradient inside the star. Since, on the main sequence, the sound speed gradient is governed by the abundance gradient, this is essentially an age indicator. This allows the distinction of various models of differing mass and age in an asteroseismological HR diagram (Christensen-Dalsgaard 1993) , which at present is calibrated only by the Sun. However, in the roAp stars it seems unlikely that dn will offer such a simple age indicator, since the frequencies are perturbed by the magnetic fields in these stars. Dziembowski & Goode (1996) have shown that even for weak fields (< 1 kG) the frequencies are significantly perturbed, and conclude that in roAp stars the small spacing cannot be used as a probe of internal structure. However, their calculations hold out the hope of using the small spacing to probe the internal magnetic fields in Ap stars, which is also very important.
Three possible values of the large spacing have been identified in HD 119027: 13 Hz, 26 Hz, and 2 × 26 ¼ 52 Hz. A variety of A star models by Gabriel et al. (1985) , Shibahashi & Saio (1985) and Heller & Kawaler (1988) predict 40 Յ Dn Յ 80 Hz in the mainsequence band. In principle, it is possible to establish whether the observed modes are due only to consecutive overtones of a given ᐉ (spacing Dn), or a mixture of even and odd ᐉ modes (spacing Dn=2); in the latter case, the spacing of consecutive frequencies alternates slightly between two values. However, the oscillation data in hand do not allow us to establish whether the observed spacing corresponds to Dn or 1 2 Dn in this particular case. Only in the case Dn ¼ 2 × 26 ¼ 52 Hz does the star fall within the main-sequence band of the models; the remaining possibilities indicate that HD 119027 is a more evolved object. Whichever spacing is invoked, there are gaps in the amplitude spectrum where frequencies in the comb are not excited to observable amplitudes. We offer no explanation for these missing overtones, as the mode selection mechanism in roAp stars is not yet understood.
The 1.95-Hz separation of the 1940-and 1942-Hz peaks is asteroseismologically interesting, because it is of the order expected for the small spacing dn. However, before adopting this interpretation, we must exclude other possible causes of fine spacings. We may exclude the possibility that the 1942-Hz oscillation is a rotation sidelobe of the 1940-Hz peak on the grounds that no other frequencies with similar spacings are present in this spectrum. The 1.95-Hz separation corresponds to a timescale of 5.93Ϯ0:39 d, which is close to the 6.29-d span of the 50155-161 data. It could therefore be argued that the 1942-Hz peak is an artefact of growth or decay of the 1940-Hz peak on the time-scale of this data set. However, the 1942-Hz oscillation was also detected in the 1991 data; the difference in the spacing Hz between the 1991 and 1996 data is only 0.02Ϯ0.15 Hz.
This allows us to exclude the possibility that the 1942-Hz oscillation is an artefact of variation in the 1940-Hz mode. We may therefore identify the 1940-and 1942-Hz oscillations with modes of overtone and degree (n; ᐉ) and (n ¹ 1; ᐉ þ 2).
In summary, we have identified six (or possibly seven) p modes in HD 119027. These frequencies fall into a comb-like pattern expected for high-overtone p-modes, though with gaps, indicating that not all the possible modes in the range 1800-2000 Hz are excited to observable amplitudes. Owing to aliasing difficulties we are unable to distinguish between two possible spacings, 13 and 26 Hz. We have furthermore detected a fine splitting of one of the modes, which we attribute to the presence of modes (n; ᐉ) and (n ¹ 1; ᐉ þ 2).
Clearly, the most interesting question to answer is that of the evolutionary status of HD 119027. The roAp stars are thought to be in the central hydrogen core-burning phase, but a Dn spacing of 13 or 26 Hz would place it outside the main-sequence band. This issue can be resolved only by continued observation of the star. This is a worthwhile exercise, since the richness and complexity of the frequency spectrum provide an opportunity to test more sophisticated models of pulsation in Ap stars. Future work on the rapid oscillations of HD 119027 should concentrate on eliminating the uncertainty in the large frequency spacing in this star. Such observations should also allow one to establish whether the spectrum comprises consecutive overtones of ᐉ of like parity only, or modes of alternating even and odd ᐉ, in turn allowing the evolutionary status of HD 119027 to be established. This will require a campaign of at least two weeks in duration, involving at least three sites well spaced in longitude. In order to attain the necessary signal-to-noise ratio, telescopes of at least 1 m should be used.
